Purpose: We investigated the effect of menstrual cycle on the cardiovascular responses during recovery period from exercise. 10 healthy women were participated in the early follicular phase (EP: low estrogen and low progesterone: 1 -4 days) and the late follicular phase (LP: high estrogen and low progesterone: 10 -13 days) during menstrual cycle. Methods: All subjects completed a graded cycling exercise testing to determine the relative exercise intensity. All subjects were assessed systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), heart rate (HR), stroke volume (SV), cardiac output (CO), and total vascular conductance (TVC) at resting and during recovery period from moderated cycling exercise during EP and LP. Results: During EP, compared with LP, resting SBP and MAP were higher and TVC was lower (p < 0.05). During recovery from exercise, SBP and MAP were higher and TVC lower during EP compared with LP (p < 0.05). There were no differences in HR, SV and CO in both phases. Conclusions: This study could be increased the peripheral vasoconstriction in low estrogen levels. And during early follicular phase with low estrogen level, it may maintain an increased blood pressure during recovery period following cycling. We suggest that the timing of the menstrual cycle should be considered when measuring blood pressure during clinical exercise testing.
Introduction
Menopause intensifies the risk of cardiovascular disease drastically in women compared with men of the same age by increasing low-density lipoprotein cholesterol (LDLC) levels and blood pressure [1] . For this reason, measures have been devised in attempts to improve and prevent cardiovascular disease in women, and of these, participation in physical activity is the most effective and recommended option [2] . Both estrogen and progesterone levels are at their lowest during menstruation, while the level of estrogen secretion increases in the ovulatory phase and estrogen levels drop as progesterone levels rise after ovulation [3] .
Changes in women's hormone levels during exercise induce differences in physiological responses [1] . Increasing blood pressure is a cardiovascular response to exercise as workout intensity increases, followed by rises in heart rate (HR) and stroke volume (SV), cardiac output (CO) and total peripheral resistance (TPR) [4] . Changes in cardiovascular responses during exercise according to estrogen level changes are commonly observed in postmenopausal women. Estrogen production is reduced after menopause, and postmenopausal women are characterized by excess cardiovascular responses when doing aerobic exercise and excessive elevation of blood pressure, in particular [5] . Moreover, a difference in response to exercise can be also induced during the menstrual cycle with estrogen level changes in women before menopause [6] .
Reduction in estrogen secretion during menstruation activates the sympathetic nervous system and this can lead to vascular contraction by increasing sensitivity to norepinephrine and α-adrenergic receptors and excessive blood pressure response during exercise by increasing TPR [1] [7] . On the contrary, raised estrogen levels in the ovulatory phase lower blood pressure during exercise by inducing vascular relaxation through activation of nitric oxide which is a vascular relaxant factor produced by vascular endothelial cells [7] . Likewise, the difference in estrogen levels between menstruation and ovulation generates a difference in cardiovascular responses during exercise [6] . Since excessive elevation of blood pressure may incur heart attack, caution is warranted in hypertensive and prehypertensive adults undergoing exercise [8] . However, no studies have yet been undertaken to investigate cardiovascular responses in the recovery period after exercise according to the menstrual cycle.
Cardiovascular responses in the recovery period after exercise are used in predicting cardiovascular disease such as coronary artery disease. In particular, recovery responses of HR and blood pressure are identified as important predictors, and the longer the recovery time after exercise, the higher the cardiovascular disease risk [9] . Post-exercise cardiovascular responses in recovery are a decrease in CO and BP following a reduction in HR and SV to restore our body to the pre-exercise resting level [10] . This is resulted from reduction in venous return as the termination of muscle contraction is followed by no action of muscle pump after completing exercise [11] . Furthermore, diminished activation of the sympathetic nervous system upon completion of exercise not only has an impact on the reduction of blood pressure by lowering the operating point of baroreceptor, but also leads to decreased blood pressure as reactivation of the vagus nerves is promoted and HR reduction response is lowered drastically [12] [13] . A more rapid blood pressure reduction during recovery after exercise in women than in men is caused by a drastic reduction in CO following post-exercise reduction in SV and diminished increase in TPR [11] . For these reasons, the risk of orthostatic hypotension, syncope and other conditions immediately following exercise is higher in women than in men [14] . This study investigated cardiovascular responses in recovery after aerobic exercise between the menstruation and ovulation phases in women between 20s and 30s having a regular menstrual cycle.
Methods
Female students between 20s and 30s attending Kyung Hee University were included as the study subjects who had normal periods for more than six months without a history of use of oral contraceptives and hormones, smoking, gravidity and parity, hypertension, cardiovascular disease, exercise habits, and irregular menstrual cycle. For this study, we were recruited 10 healthy women with regular menstrual cycle from students on university campus. The subjects were instructed to refrain from consuming any alcohol or caffeine-containing drinks for 24 hours prior to the study, and were also asked to avoid strenuous physical activity or intense exercise for 24 hours before participating in the study. On the day of the survey, all participants were fully informed about the content and procedures of the research and consented to the participation. They were asked to complete the health history questionnaire (HHQ), and were fully informed about the items, steps and cautions of the survey. The physical characteristics of the subjects are shown in Table 1 .
The menstrual cycle was examined in each participant one month prior to the 
Body Composition and Resting Blood Pressure Measurement
Resting blood pressure was measured using sphygmomanometer (Japan) by applying the cuff after given a rest period of 10 minutes in a sitting position. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured twice at a 5-minute interval by placing the stethoscope over the brachial artery, and the minimum values were used.
Graded Exercise Loading Test
Relative exercise intensities were estimated using a gas analyzer (Ultima CPX, USA) and a cycle ergometer (Monark 818, Sweden) The Bruce ramp protocol [17] was used for incremental exercise test at a rate of 60 rpm starting at 0 watt for an initial two minutes as warm-up and by increasing 15 watts every minute.
No further increase of VO 2 (VO 2 < 150 ml/min) despite an increase in exercise intensity during the test, 90% age-predicted maximal HR, an respiratory exchange ratio greater than 1.15, and a rating of perceived exertion (RPE) equal to or greater than 17 recorded every minute were used as criteria. VO 2peak was considered to have occurred when two or more of the above criteria were met [18] .
Cardiovascular Responses Measure
Cardiovascular responses were examined using thoracic impedance cardiogra- 
Data Processing
All statistical analyses were performed using SPSS Statistics version 21.0. Mean ± standard error was obtained in each item and the paired t-test was conducted to compared the difference in variables between the EP and LP. Comparative analysis was conducted with significance level at 0.05. Figure 1 shows SBP, DBP and MAP during recovery after aerobic exercise in the the EP and LP. SBP and MAP at rest and during exercise were higher during the LP compared to the EP (p < 0.05). These values had a significant difference at 5, 10 and 15 minutes of rest after exercise between the two phases, and increased during the EP (p < 0.05). On the other hand, no difference was found at 20, 25
Results
and 30 minutes of rest after exercise between the two phases. DBP had no difference at rest, during exercise and in recovery between the two phases. 
Discussion
In the menstrual cycle, estrogen levels are the lowest during menstruation and, during this period, blood pressure responses are relatively greater than during ovulation at rest, a mild-intensity of 40% VO 2peak and a moderate-intensity of 60% VO 2peak [8] . Decreased estrogen levels during menstruation influence an increase of peripheral resistance as the sympathetic nervous system is more activated and peripheral blood vessels are more contracted [1] . At ovulation, increased estrogen levels not only affect vascular relaxation by triggering the activation of nitric oxide, the vascular relaxant factor, but also are attributable to a lower blood pressure during exercise than at menstruation by having a direct relaxant effect on the smooth muscles [19] . Until now, multiple studies have de- Blood pressure is affected by CO = HR × SV and TPR. In the present study, SBP and MAP at rest were significantly higher in the menstruation phase than in the ovulation phase. CO at rest showed no significant difference between the two phases, but TVC was significantly higher in the ovulation phase. A higher blood pressure at menstruation is thought to be attributable to an increase in TPR.
This study was able to verify the fact that estrogen plays an important role in increasing blood pressure by affecting vascular contraction. In this investigation, all subjects underwent aerobic exercise for 30 minutes at an intensity of 60% VO 2peak . As results, SBP, MAP and TVC had a significant difference, while CO demonstrated no change. This outcome is consistent with results from previous studies on cardiovascular responses after mild-and moderate-intensity aerobic exercise according to the menstrual cycle by [6] and others. Furthermore, this study reconfirmed the results of previous studies by [8] who found that CO increased linearly with increasing exercise intensity and had no difference between the two phases.
In the present study, elevated blood pressure responses during exercise in the menstruation phase compared to the ovulation phase are assumed to be influenced by TPR, equally at rest. Low estrogen levels during menstruation typically result in contraction of peripheral blood vessels by activating the sympathetic nervous system [1] . In addition, norepinephrine levels, an indicator of sympathetic activity, are higher in the menstruation phase than in the ovulation phase [20] . Whereas, the increased levels of estrogen in the ovulation phase induce vascular relaxation by directly stimulating vascular endothelial cells and also decrease BP during exercise through relaxation of peripheral blood vessels by promoting activation of nitric oxide which is a vascular relaxant factor [8] [19] .
Thus, an increase of peripheral resistance following decreased estrogen production seems to be one of the causes for a more excessive increase of blood pressure at rest and during exercise in the menstruation phase than in the ovulation phase.
Cardiovascular responses return to resting levels immediately after exercise [21] . Within 5 minutes after stopping exercise, the rapid reduction in CO is seen as HR and SV decrease [10] [13] . Moreover, cardiovascular responses return to resting levels as vascular resistance is reduced [22] . In the present study, a decrease in all variables was observed after completing exercise, and SBP and MAP, in particular, showed a significant difference at 5, 10 and 15 minutes after stopping exercise between the menstruation and ovulation phases. However, despite a higher tendency in the menstruation phase, no significant difference was found at 20, 25 and 30 minutes of rest after exercise between the two phases.
Although the most dramatic decrease in HR, SV and CO was observed within 5 minutes after completing exercise, there was no significant difference between the two phases in this study. The results aligned with the findings of previous studies on HR, SV and CO in menstrual cycle phases by [23] . Cardiac output increase at start of exercise and sudden reduction after stopping exercise is attributable to a decrease in SV and HR. The autonomic nervous system regulates HR. Upon completion of exercise, HR returns to the resting level with decreased sympathetic function and increased parasympathetic stimulation [24] . Because of estrogen production, HR is relatively lower in women than in men, and it is lowest during the ovulation phase as estrogen affects the parasympathetic nervous system [25] .
After exercise, SV is reduced as suspended muscle contraction which helps to pump blood decreases venous return [22] . Even though SV varies according to gender and physical strength [26] , it is not affected by the menstrual cycle [23] .
Although there is no difference in CO according to menstrual cycle phase, previous studies have reported a higher risk of dizziness or orthostatic hypotension immediately after stopping exercise during the ovulation phase because of a relatively lower blood pressure during ovulation with an effect of peripheral resistance (22, 23) . TVC showed a significant difference at 5, 10 and 15 minutes after exercise between the two phases, but there was no difference at 20, 25 and 30 minutes after exercise.
Vascular conductance is greater during ovulation than during menstruation [14] . Post-exercise TPR is higher during menstruation than during ovulation [23] . In the present study, the time period of statistically significant difference in TVC between the two phases aligned with the time periods of statistically significant difference in SBP and MAP. During post-exercise recovery of blood pressure to the normal level, a more significant reduction was observed in the ovulation phase with an influence of TVC. This finding is anticipated to be attributable to a greater decrease of TPR during ovulation. This investigation found out that the reduction of estrogen levels elevates blood pressure both during exercise and throughout the recovery period by affecting the peripheral blood vessels.
Conclusion
This study examined cardiovascular responses in the recovery period after aerobic exercise according to menstrual cycle phases with different estrogen levels among women in 20s and 30s. As results, blood pressure responses increased by TPR were found in the recovery period after aerobic exercise during menstruation with decreased estrogen levels compared with that during ovulation.
